[1] The result of paleoclimate studies on the relationship between the Indian monsoon and solar activity, inferred from the analysis of stalagmites in Oman, is confirmed by using a modern meteorological dataset from 1958 -1999. The present result suggests that the solar influence on monsoon activity is not due to a change in radiative heating in the troposphere but, rather, originates from the stratosphere through modulation of the upwelling in the equatorial troposphere, which produces a north-south seesaw of convective activity over the Indian Ocean sector during summer. Higher precipitation over Arabia and India, thus, occurs during high solar activity.
Introduction
[2] The influence of solar activity on climate has been a matter of debate for a long time. Recent advances in reconstruction of the past climate with fine temporal resolution clarified the relationship between the solar cycles and the monsoon rainfall in South Oman with multiple time scales from decadal to millennial [Neff et al., 2001; Burns et al., 2002; Fleitmann et al., 2003] . A variation of d 18 O in stalagmites was related to the precipitation amount during the monsoon season. The direct cause of higher rainfall in South Oman was explained by stronger northward surface winds [Burns et al., 2002; Fleitmann et al., 2003] . However, the mechanism of how the change in solar activity produces a regional circulation change remains unexplained.
[3] In this study, we will show how the relationship between the precipitation in South Oman and solar activity can be understood by using modern meteorological datasets spanning from surface to 10 hPa. We first reproduce an equivalent relationship between the solar activity and the Indian Ocean monsoon found by paleoclimate studies; next, we investigate the processes whereby solar activity produces such effect.
Data and Analysis
[4] The principal dataset used in this study is the NCAR/ NCEP reanalysis data [Kalnay et al., 1996] from 1958 to 1999. The sea surface temperature (SST) dataset used in this study is HadISST, compiled by the Hadley Centre [Rayner et al., 2003] . The summer monsoon season in the Indian Ocean is from July to September, but the solar influence is most prominent during July -August (JA) [Labitzke, 2001] ; therefore, we investigate the JA-mean data for meteorological variables. The solar influence starts earlier in the stratopause region in June [Kodera and Kuroda, 2002] , therefore, the June, July, and August mean of the 10.7 cm solar radio flux (F10.7) is used as a solar index. Because we are interested in long-term variation, the year-to-year variation has been low-pass-filtered (LF) from all data by applying 1:2:1 weighting.
Results
[5] The direct cause of the variation of d
18
O is suggested as a change in northward surface winds south of the caves where the stalagmites were sampled (star in Figure 1 ) [Burns et al., 2002] . Accordingly, we chose the northward near-surface (10m) wind velocity south of Oman averaged over the domain 55°E -60°E, 12.5°N -17.5°N (box in Figure 1) , v s SO , as a representative variable.
[6] Figure 2a shows the LF standardized JA-mean v s SO (solid line with open circles) and F10.7 solar index (dotted line). Inspection reveals similar periodic variations of about 10 years in both variables. For comparison, a similar filtered time series of JA-mean SST of the Niño 3,4 region (170°W to 120°W, and 5°S to 5°N), SST Nino3, 4 , is displayed in Figure 2b . Although biennial oscillation is suppressed by the LF, the 4 -6 year variation is still prominent. Therefore, the decadal variation in v s SO is not a consequence of strong filtering. The correlation coefficient between v s SO and F10.7 is 0.67, while that between v s SO and SST Nino3,4 is 0.01. The period of analysis spans 39 years, but, because of filtering, the number of degrees of freedom may be reduced, at most, about one third. In this case, the correlation coefficient corresponding to the 95% confidence level is about 0.5. Thus, the relationship between the solar activity and monsoon northward winds is still significant. It should also be remembered that this variable is chosen according to previous paleoclimate studies.
[7] To investigate the spatial structure, the correlation coefficient between the v s SO and the JA mean northward wind velocity near the surface (v s ), the pressure coordinate vertical velocity at 500 hPa (w 500 ), or the SST at each grid point is calculated over the Indian Ocean region. The correlation map of v s (Figure 3a ) shows that v s SO is well correlated with a variation of the cross-equatorial Somali jet, as sketched in Figure 1 . The relationship with the monsoon convective activity may be seen in the correlation map of GEOPHYSICAL RESEARCH LETTERS, VOL. 31, L24209, doi:10.1029 /2004GL020928, 2004 Copyright 2004 by the American Geophysical Union. 0094-8276/04/2004GL020928$05.00 w 500 ( Figure 3b ) as anomalous upward velocity (negative correlation) around the 10°N-20°N latitudinal band over Arabia and India. In contrast, anomalous downward velocity is found south of the equator. It can be seen that v s SO is only slightly correlated with the Indian Ocean SSTs (Figure 3c ), suggesting the atmospheric origin of the variation.
[8] To highlight the relationship between the solar activities, the same correlations are calculated with the F10.7 index. Interestingly, the highest correlation with the northward component of surface wind occurs just south of Oman, where the stalagmites were sampled (Figure 3d ). The second center is located at the opposite side of the equator, north of Madagascar. The w 500 field (Figure 3e ) shows a similar north-south seesaw pattern between the tropical northern hemisphere (NH) and the equatorial southern hemisphere (SH); however, the upwelling signal in the NH is weaker, and the equatorial signal is stronger. Again, the Indian Ocean SSTs show (Figure 3f ) little relationship with the solar variability.
[9] The above results confirm the relationship suggested by paleoclimate studies. We now investigate how the solar variation can produce such a strong regional effect. It is known that the Indian Monsoon activity is influenced by the El Niño Southern Oscillation (ENSO) phenomenon and the Eurasian snow cover [e.g., Kawamura et al., 2003; Bamzai and Shukla, 1999] . However, no clear influence of the solar cycle was found on the equatorial Pacific SSTs or the surface temperature over the Eurasian continent.
[10] By nature, the solar influence on the Earth's atmosphere is expected to be a global phenomenon. In this respect, the correlation coefficient between the zonal-mean fields (zonal wind, temperature, or vertical velocity) at each grid point and v s SO or F10.7 is calculated from the surface up to 10hPa (Figure 4) . Although a seesaw between the tropics of the NH (10°-20°N) and the equatorial SH (10°S -EQ) is found over the Indian Ocean sector in Figure 3b , the equatorial SH signal overwhelm that of the NH in zonal-mean w field (Figure 4c ). This tendency is more conspicuous with F10.7 (Figure 4f ), which suggests that the solar influence originates from the equatorial region. Vertical velocity data of the NCAR/NCEP reanalysis is limited in the troposphere below 100 hPa, but the zonal mean temperatures exhibit correlations in the stratosphere as well as in the upper troposphere (Figures 4b and 4e) . In particular, positive correlations in the subtropics of the NH continue to well into the stratosphere. In the zonal wind field, a significant correlation is found in the SH in the stratosphere (Figures 4a and 4d) .
[11] The weaker correlation in the temperature field in the SH is partly due to observational problems. Observations in the equatorial region and SH were very sparse, and the introduction of satellite data after 1979 had a large impact but also created a discontinuity in temperature data. As a result, homogeneous, better-quality data is obtained by using only the data after 1979. The same correlation analysis, but using only the period after 1979, is repeated and shown in Figure 5 . The temperature correlation (Figure 5b ) now exhibits a uniform pattern over the equatorial region and subtropical stratosphere of the NH. In the midlatitudes of the SH, a negative correlation is observed, which is consistent with the zonal-wind signals in the subtropics of the upper-stratosphere (Figure 5a ) according to a thermal-wind relationship. Correlation patterns in surface wind and vertical velocity (Figures 5d, 5e , and 5c) remained similar to those in Figures 3 and 4 , except that the vertical velocity signal in the subtropical NH became clearer.
Discussion and Concluding Remarks
[12] By using a modern meteorological dataset, we confirmed the relationship between the Indian Ocean Monsoon and solar variability suggested by analyses of stalagmites in South Oman [Neff et al., 2001; Burns et al., 2002; Fleitmann et al., 2003] . It is noteworthy that the correlation between the F10.7 and v s SO (Figure 2a) was not due to ''a posteriori'' selection.
[13] The present analysis demonstrated that the regional impact of Indian Ocean is related to stratospheric variation. The solar response in the stratosphere during the northern summer in Figure 4e is essentially the same as that shown by van Loon and Shea [2000] or Labitzke [2001] . The higher temperature in the equatorial and subtropics of the NH and lower temperature in the high latitudes of the winter SH (Figure 5b ) suggest weaker upward and downward motions in the equatorial region and high latitudes, respectively, that is, a weakening of the Brewer Dobson (BD) circulation in solar max compared with solar min periods. This change of the BD circulation according to the solar cycle can arise from a stronger stratopause-upper stratospheric subtropical jet (Figure 5a ) and a weaker wave meanflow interaction produced by enhanced solar ultra violet (UV) heating [Kodera and Kuroda, 2002; Matthes et al., 2004] . If this is the case, we can infer that weaker BD circulation suppresses upward motion and produces high temperature around the equatorial tropopause region [Hood and Soukharev, 2003] . As a consequence, convective activity decreases along the equatorial troposphere (Figure 5c ).
[14] Details of the process whereby the stratospheric change affects the convective activity in the equatorial region are still not clear, but an idealized general circulation model (GCM) experiment by Thuburn and Craig [2000] showed that the change in BD circulation induced by a momentum forcing in the upper stratosphere modifies the vertical profile of the cumulus heating in the upper troposphere as well as a change in tropopause height. There is also increasing evidence from GCM experiments [Haigh, 1999; Shindell et al., 2001; Matthes et al., 2004] that the variation of solar UV irradiance and associated ozone content creates stratospheric circulation change and eventually affects tropospheric circulation.
[15] Assuming that the convective activity in the equatorial region is sensitive to the tropopause structure, the question now is why there is a stronger solar response in the Indian Ocean sector. In this sector, a convergence zone tends to be formed in two places during summer, one over the continent and the other over the ocean [Waliser and Gautier, 1993] . The north-south seesaw of convective activity between the two regions is well known for the intra-seasonal time scale during summer [e.g., Yasunari, 1981; Kang et al., 1999] , although these authors were more interested in the northward propagation in the NH. A numerical experiment of Chandrasekar and Kitoh [1998] suggests that external forcing can excite the north-south seesaw of convective activity over the Indian region. In their experiment, convective activity south of the equator is forced by changing underlying SST anomalies; however, because the seesaw pattern is due to an interannual mode of variation, other types of forcing can also excite a similar response. Therefore, if the equatorial convective activity is modulated by the solar effect, it may manifest itself as a north-south seesaw of convective activity in the Indian sector. Thus, it brings higher precipitation over the southern Arabia during high solar activity, as shown in paleoclimate studies.
[16] So far, the long-term variation of climate was considered to be mainly due to the change in total solar irradiance. However, a recent analysis by White et al. [2003] suggests that the global warming of the upper ocean of decadal scale is not due to the change in solar radiative forcing. Dynamical responses in the troposphere could play an important role even for a centennial and millennial time scale phenomena. For instance, in contrast to the higher precipitation in the south of Arabia studied here, dry conditions were suggested during high solar activity in equatorial east Africa from an analysis of sediment of Lake Naivasha [Verschuren et al., 2000] . This apparent discrepancy of the regional responses to the solar forcing may be difficult to explain from a radiative point of view [Agnihotri and Dutta, 2003 ], but more easily be done from a dynamical point of view as a seesaw of convective activity between the equatorial SH and tropical NH, as in Figure 5e .
